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CROSS-LINKED POLYBENZIMIDAZOLE MEMBRANE FOR GAS SEPARATION 

STATEMENT REGARDING FEDERAL RIGHTS 
5 This invention was made with government support under Contract No. W- 

7405-ENG-36 awarded by the U.S. Department of Energy. The government has 
certain rights in the invention. 

FIELD OF THE INVENTION 
The present invention relates generally to gas separation and more 
10 particularly to a cross-linked polybenzimidazole membrane used for gas 
separation. 

BACKGROUND OF THE INVENTION 
The last decade has seen a dramatic increase in the use of polymer 
membranes as effective, economical and flexible tools for many gas separations. 
15 The processability, gas solubility, and selectivity of several classes of polymers 
(such as polyimides, polysulfones, polyesters, and the like) have led to their use in 
a number of successful gas separation applications. A drawback to the use of 
polymer membranes for gas separation can be their low permeability or 
inadequate selectivity. In most instances, the success of a given membrane rests 
20 on achieving an appropriate combination of adequate permeability and selectivity. 
Polymer membranes can be used for air separation, for the recovery of 
hydrogen from mixtures of nitrogen, carbon monoxide and methane, and for the 
removal of carbon dioxide from natural gas. For these applications, glassy polymer 
membranes provide high fluxes and excellent selectivities based on size 
25 differences of the gas molecules being separated. 

Separation of carbon dioxide (CO2) from mixed gas streams is of major 
industrial interest. Current separation technologies require cooling of the process 
gas to ambient temperatures. Significant economic benefit could be realized if 
these separations are performed at elevated temperatures (greater than 150°C). 
30 Consequently, much effort is directed at identifying and developing polymers that 
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are chemically and mechanically stable at elevated temperatures and high 
pressures. Linear polybenzimidazole is an example of such a polymer. 
Representative patents and papers that describe membranes of linear 
polybenzimidazole include U. S. Patent 2,895,948 to K. C. Brinker et al. entitled 

5 "Polybenzimidazoles," which issued July 21, 1959; RE 26,065 entitled 

"Polybenzimidazoles and Their Preparation," which reissued to C. S. Marvel et al. 
on July 19, 1966; "Polybenzimidazoles, New Thermally Stable Polymers," H. Vogel 
et al., J. Poly. ScL, vol. L, pp. 511-539, 1961; "Polybenzimidazoles II," H. Vogel et 
al., J. Poly. Sci. Part A, vol. 1, pp. 1531-1541, 1963; U. S. Patent 3,699,038 to A. 

10 A. Boom entitled "Production of Improved Semipermeable Polybenzimidazole 
Membranes, which issued October 17, 1972; U. S. Patent 3,720,607 to W. C. 
Brinegar entitled "Reverse Osmosis Process Employing Polybenzimidazole 
Membranes," which issued March 13, 1973; U. S. Patent 3,737,042 entitled 
"Production of Improved Semipermeable Polybenzimidazole Membranes," which 

15 issued to W. C. Brinegar on June 5, 1973; and U. S. Patent 4,933,083 entitled 
"Polybenzimidazole Thin Film Composite Membranes," which issued to R. Sidney 
Jones Jr. on June 12, 1990, all of which are incorporated by reference herein. 
These patents and papers show that, for years, polybenzimidazole membranes 
have been useful for liquid phase separations such as reverse osmosis 

20 separations, ion exchange separations, and ultrafiltration. 

Polybenzimidazole is also useful for gas separations. In U. S. Patent 
Application Serial Number 09/826,484 to Robert C. Dye et al. entitled "Meniscus 
Membranes for Separations," for example, meniscus-shaped polybenzimidazole 
supported on a stainless steel substrate was useful for separating H 2 from an 
25 H 2 /C0 2 mixture, and C0 2 from a C0 2 /CH 4 mixture, and that membrane 
performance improves as the temperature increases from 25°C to 250°C. 

The mechanical properties of polybenzimidazole may be improved by 
cross-linking (see, for example, U. S. Patent 4,020,142 to Howard J. Davis et al. 
entitled "Chemical Modification of Polybenzimidazole Semipermeable 
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Membranes," which issued April 26, 1977). According to the '142 patent, cross- 
linked polybenzimidazole is tougher than non-cross-linked analogs and shows 
improved compaction resistance during prolonged usage at higher pressures. 
While cross-linked polybenzimidazole has been shown to be useful for liquid 
5 separations (separations in acid waste streams, reverse osmosis separations, ion 
exchange separations, and ultrafiltration separations), there are no reports related 
to gas separation using cross-linked polybenzimidazole. 

Accordingly, an object of the present invention is to provide a method for 
separating gases using cross-linked polybenzimidazole. 

10 Another object of the invention is to provide a cross-linked 

polybenzimidazole membrane for gas separation. 

Additional objects, advantages and novel features of the invention will be 
set forth in part in the description which follows, and in part will become apparent 
to those skilled in the art upon examination of the following or may be learned by 
15 practice of the invention. The objects and advantages of the invention may be 
realized and attained by means of the instrumentalities and combinations 
particularly pointed out in the appended claims. 

SUMMARY OF THE INVENTION 
In accordance with the purposes of the present invention, as embodied and 
20 broadly described herein, the present invention includes the polymeric, cross- 
linked reaction product of a polybenzimidazole and 1 ,4-C 6 H 4 XY, where X and Y 
are selected from CH 2 CI, CH 2 Br, and CH 2 I. Preferably, the polymeric reaction 
product is supported on a porous metallic support. 

The invention also includes a cross-linked membrane prepared by layering 
25 a solution of solvent, polybenzimidazole and 1 ,4-C6H 4 XY, wherein X and Y are 
selected from the group consisting of CH 2 CI, CH 2 Br, and CH 2 I, on a porous 
support and evaporating the solvent. 

The invention also includes a method for gas separation. The method 
includes sending a gas mixture through a membrane of cross-linked 
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polybenzimidazole. A preferred cross-linked polybenzimidazole is the cross-linked, 
polymeric reaction product of poly-2,24m-phenylene)-5,5'bibenzimidazole and 
1,4-C 6 H 4 XY, where X and Y are selected from CH 2 CI, CH 2 Br, and CH 2 I. 
Preferably, the cross-linked polybenzimidazole is supported on a porous metallic 
5 support. 

The invention also includes a method for separating carbon dioxide from a 
gas mixture. The method involves sending a gas mixture that contains carbon 
dioxide through a membrane of cross-linked polybenzimidazole. Preferably, the 
cross-linked polybenzimidazole is on a porous metallic support. 
10 BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and form a part of 
the specification, illustrate the embodiment(s) of the present invention and, 
together with the description, serve to explain the principles of the invention. In 
the drawings: 

is Figure 1 provides a graph of the gas permeability of supported, linear poly- 

2,2'-(m-phenylene)-5,5 , bibenzimidazole membrane for H 2 , N 2 , C0 2 , and CH 4 as a 
function of temperature; 

Figure 2 provides a graph comparing the gas permeability of the linear 
membrane of Fig. 1 with that for a supported cross-linked polybenzimidazole of the 

20 invention prepared by reacting poly-2,2'-(m-phenylene)-5,5'bibenzimidazole with 
20 weight percent of a,a'-dibromo-p-xylene; 

Figure 3 provides a graph that compares the H 2 /C0 2 selectivity versus H 2 
permeability of supported, linear poly-2,2'-(m-phenylene)-5,5'bibenzimidazole 
membranes, one spread evenly (x) and the other spin-coated (•)) with the 

25 permeability of the invention cross-linked membrane of Fig. 2 (♦); and 

Figure 4 provides a graph that compares the C0 2 /CH 4 selectivity versus C0 2 
permeability of the linear and cross-linked membranes of Fig. 2. 
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DETAILED DESCRIPTION OF THE INVENTION 
The present invention includes a supported, cross-linked polybenzimidazole 
membrane and a method of using the membrane for gas separation. An invention 
membrane may be prepared by preparing a solution of a linear polybenzimidazole 
5 and cross-linking agent, casting a layer of the solution onto a porous support, 
evaporating the solvent to form a supported film, and heat cycling the film. 

Linear polybenzimidazoles that contain reactive hydrogen atoms on the 
imidazole rings may be used to prepare a membrane of the invention. These 
reactive hydrogen atoms combine with atoms of the cross-linking agent to form 
10 molecules that are subsequently released during evaporation of the solvent and/or 
during heat cycling. Examples of linear polybenzimidazoles that contain reactive 
hydrogens on the imidazole rings include the following: 

poly-2,2'-(m-phenylene)-5,5'-bibenzimidazole; 

poly-2,2 , -(pyridylene-3",5>5,5'-bibenzimidazole; 
15 poly-2,2Xfurylene^5>5,5'-bibenzimidazole; 

poly-2,2-(naphthalene-1",6")-5,5'-bibenzimidazole; 

poly^^'^biphenylene^.^-S.S-bibenzimidazole; 

poly-2,2'-amylene-5,5'-bibenzimidazole; 

poly-2,2'-octamethylene-5,5'-bibenzimidazole; 
20 poly-2,6-(m-phenylene)-diimidazobenzene; 

poly^^'-cyclohexenyl-S^'-bibenzimidazole; 

poly-2,2-(m-phenylene)-5,5'di(benzimidazole)ether; 

poly-2,2'-(m-phenylene)«5,5'-di(benzimidazole)sulfide; 

poly-2,2'-(m-phenylene)-5,5'-di(benzimidazole)sulfone; 
25 poly-2,2 , -(m-phenylene)-5,5'-di(benzimidazole)methane; 

poly-2 , -2"-(m-phenylene)-5 , ,5"-(di(benzimidazole)propane-2,2; 
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and poly-2\2"-(m-phenylene)-5 , J 5"-di(benzimidazole)ethylene-1 ,2 where the 
double bonds of the ethylene are intact in the final polymer. 

The preferred polybenzimidazole for use with the present invention is one 
prepared from poly^'^m-phenylene^S'-bibenzimidazole (see EXAMPLE). The 

5 porous substrate used with the invention can be a porous metal or porous ceramic 
substrate. An example of a suitable substrate is a commercially available ceramic 
substrate made from silicon carbide. A preferred substrate can be formed from a 
porous metal medium such as sintered porous stainless steel. Such a porous 
metal medium is available from Pall Corporation of East Hills, New York under the 

10 trade names PSS (a sintered stainless steel powder metal medium), PMM (a 

porous sintered metal membrane including metal particles sintered to a foraminate 
support), PMF (a porous sintered fiber mesh medium), Rigimesh (a sintered 
woven wire mesh medium), Supramesh (stainless steel powder sintered to a 
Rigimesh support), PMF II (a porous sintered fiber metal medium), and 

15 combinations of more than one of these materials. A sintered metal medium for 
use in the present invention may be formed from any of a variety of metal 
materials including alloys of various metals such as chromium, copper, 
molybdenum, tungsten, zinc, tin, gold, silver, platinum, aluminum, cobalt, iron, and 
magnesium, as well as combinations of metals and alloys, including boron- 

20 containing alloys. Brass, bronze, and nickel/chromium alloys, such as stainless 
steels, the Hastelloys, the Monels and the Inconels, as well as a 50-weight percent 
chromium alloy, may also be used. Substrates may include nickel and alloys of 
nickel, although it is believed that nickel may react with and degrade the supported 
polymer, which would affect the longevity of the invention membrane. Examples of 

25 other suitable high temperature substrates include those formed of glass fibers. 

A working embodiment of the present invention was prepared by casting a 
solution containing poly-2,2'-(m-phenylene)-5,5'bibenzimidazole (Celanese, 

M n =20*1 0 3 ) and 1 ,4-C 6 H4(CH 2 Br)2 (commonly referred to as ct,a' dibromo-p- 

xylene) in dimethylacetamide onto a porous stainless steel substrate. The solution 
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is typically 10 to 15 weight percent polybenzimidazole in dimethylacetamide and 
an amount of the 1 ,4-C 6 H4(CH 2 Br)2 to give the crosslinking density of interest. The 
following EXAMPLE provides a procedure for preparing an invention membrane 
with 20 weight percent cross-linking agent. 

5 EXAMPLE 

Ten grams of a membrane casting solution containing 20 weight percent (wt 
%) of a cross-linking agent was prepared by dissolving 0.8 gram of poly-2,2'-(m- 

phenylene)-5,5'bibenzimidazole (CELANESE CORPORATION, M n =20xl0 3 , 0.78 

|am-diameter) and 0.2 gram of 1 l 4-C 6 H4(CH 2 Br)2 in 9 grams of N,N- 

10 dimethylacetamide. A 40 \i\ aliquot of the solution was evenly spread on a 
stainless steel substrate (PALL CORPORATION). After drying at room 
temperature for 15 min, the resulting supported polymer film was heated to 50°C 
for 60 minutes to allow more complete solvent evaporation. The membrane was 
heat-cycled between 50 and 300°C (90-min cycle time) a total of five times to 

15 enhance stability, resulting in a fully dense supported cross-linked 

polybenzimidazole membrane. The chemical reaction is illustrated below. 




It should be understood that the polymer membranes prepared from solutions that 
contain other solvents, and greater and lesser amounts of the cross-linking agent 
20 also fall within the scope of the invention. Any solvent capable of dissolving 

polybenzimidazole, such as N,N-dimethylacetamide, N,N-dimethylformamide or N- 
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vinylpyrrolidone, can be used with the invention. The weight percent of cross-linker 
can vary from nearly 0% to about 45%, but preferably the amount of cross-linker 
used is from about 0.1 wt % to about 20 wt %, based on the weight of the 
polybenzimidazole. 

5 In order to demonstrate advantages of the cross-linked polymer membrane 

for gas separation, polymer membranes of unmodified linear poly-2,2'-(m- 

phenylene)-5,5'bibenzimidazole (CELANESE, M n =20*10 3 , 0.78 /im-diameter) 

were also prepared. The procedure used for preparing unmodified 
polybenzimidazole membranes followed that as described for the cross-linked 

10 membrane with the exception that the cross-linking agent was omitted. Two 
specific comparison membranes were prepared from a solution of 10 weight 
percent poly-2,2'-(m-phenylene)-5,5'bibenzimidazole and 90 weight percent 
dimethylacetamide. A40-^iL aliquot of the solution was evenly spread on one 
substrate and spin coated on another, the substrates used being of the same type 

15 of stainless steel substrate as was used to prepare the supported cross-linked 
polymer membrane of the invention described previously. Each was dried at room 
temperature for 15 min, and the resulting supported polymer films were heated to 
50°C for 60 min to allow more complete solvent evaporation. Each was heat 
cycled between 50 and 300°C (90-min cycle time) a total of five times to enhance 

20 stability, as described for the cross-linked membrane, which resulted in fully dense 
supported polybenzimidazole membranes. 

The gas permeability and gas selectivity of the supported cross-linked 
polybenzimidazole membrane was determined and compared to that for the 
analogous, unmodified, linear polybenzimidazole membrane using permeate 
25 pressure-rise measurements over a wide temperature range. Gas permeability is 
defined herein according to equation 1 below: 

KKvKi) 

" (4(Ap) u 
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where vis the gas flux in cubic centimeters per second (cm 3 /s), L is the membrane 
thickness in cm, A is the membrane area in cm 2 , and Ap is the pressure difference 
across the membrane in cm Hg. 

Gas selectivity, oca/b, is defined herein as the ratio of the permeability of gas 
5 A divided by the permeability of gas B. 

The practice of the invention can be further understood with the 
accompanying figures. The permeability results are presented in Fig. 1 and Fig. 2; 
the selectivity results are presented in Fig. 3 and Fig. 4. 

Turning now to the Figures, Fig. 1 includes a graph of the permeability of 
10 the supported, linear poly-2,2Xm-phenylene)-5,5'bibenzimidazole membrane as a 
function of temperature. Figure 2 shows a graphical comparison of the 
permeabilities of unmodified and cross-linked poly-2,2'-(m-phenylene)- 
5,5'bibenzimidazole supported membranes prepared according to EXAMPLE 2 
using 20 wt.% a t d dibromo-p-xylene. The data used for the graphs of Fig. 1 and 
15 Fig. 2 are shown in Table 1 below. 
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Table 1 
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As Table 1 , and Figs. 1 and 2 show, gas permeability was performed over a wide 
temperature range from about 20°C to about 400°C. The graph of Figure 1 shows 
that the order of gas permeability for this membrane is H 2 > C0 2 > N 2 > CH 4 . This 
is the order generally observed for other gas-permeable glassy membranes. This 

5 response of the membrane permeability with increasing temperature is typical of 
polymer membranes due to the increased motion of the polymer chains, resulting 
in a loss of size selectivity. 

Figure 2 includes data points for the cross-linked polymer membrane as 
open symbols with dashed trend lines, while data points for the non-cross-linked 

10 membrane are shown as closed symbols with solid trend lines. The symbols are 
as follows: diamond (H2); square (N 2 ); triangle (C0 2 ); and circle (CH 4 ). As Figure 
2 shows, trend lines plotted from data for the non-cross linked polymer membrane 
have a decreased slope for H 2 and C0 2 and an increased slope for N 2 and CH 4 as 
compared to the trend lines plotted for the cross-linked polymer membrane of the 

15 invention. All trend lines indicate a reduced permeability for each gas for the cross- 
linked polymer membrane at temperatures below about 265°C. Unexpectedly, at 
temperatures above 265°C, the cross-linked polymer membrane displayed a 
significant improvement in permeability for all gases compared to the non-cross- 
linked polymer. 

20 Figure 3 includes a graph that compares the H 2 /C0 2 selectivity versus H 2 

permeability of unmodified, linear poly-2,2Xm-phenylene)-5,5MDibenzimidazole 
with cross-linked poly-2,24m-phenylene)-5,5'-bibenzimidazole of the invention. 
The graph includes data plotted for two supported, unmodified linear poly-2,2'-(m- 
phenylene)-5,5'-bibenzimidazole membranes, one where polymer was spread 

25 evenly on the support ('x' symbols) and the other where polymer was spin coated 
on the support (• symbols). Data for the cross-linked poly-2,2'-(rrvphenylene)-5,5'- 
bibenzimidazole is shown with diamond symbols. According to Fig. 3, there 
appears to be no difference in selectivity between the two membranes prepared 
from unmodified polymer. Interestingly, there is a slight increase in H 2 /C0 2 

30 selectivity with increasing hydrogen permeability for the cross-linked membrane. 
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Cross-linking a membrane generally tends to improve selectivity but 
decrease permeability. For the membrane of the invention, neither selectivity nor 
permeability appears to be adversely affected by the cross-linking, and the 
toughness of the polymer membrane is improved. 

5 Figure 4 includes a graph of C0 2 /CH 4 selectivity as a function of C0 2 

permeability for the linear membrane (x) and the cross-linked membrane (solid 
square). Interestingly, the C0 2 /CH 4 methane selectivity does not decrease as 
dramatically for the supported, cross-linked membrane as for the unmodified 
supported membrane. It is believed that cross-linking reduces the mobility of the 

10 membrane polymer chains, which, in turn maintains the selectivity. 

In summary, the invention includes a cross-linked polybenzimidazole 
membrane for gas separation. Gas mixtures that include gases such as hydrogen 
sulfide, S0 2 , COS, carbon monoxide, carbon dioxide, nitrogen, hydrogen, and 
methane can be separated using the invention membrane. An embodiment of the 

15 cross-linked polybenzimidazole membrane and the analogous unmodified linear 
polybenzimidazole membrane were prepared and the gas permeability and 
selectivities of the membranes were compared. The cross-linked membrane 
unexpectedly exhibits enhanced gas permeability at elevated temperatures over 
265°C. Gas permeability and selectivity results indicate that the cross-linked 

20 membrane of the invention are useful for separating carbon dioxide from mixed 
gas streams, preferably at elevated temperatures. 

The foregoing description of the invention has been presented for purposes 
of illustration and description and is not intended to be exhaustive or to limit the 
invention to the precise form disclosed, and obviously many modifications and 
25 variations are possible in light of the above teaching. For example, while poly-2,2'- 
(m~phenylene)-5,5'-bibenzimidazole and 1 ,4-C6H 4 (CH 2 Br) 2 were used for cross- 
linked membranes of the invention, it should be understood that other linear 
polybenzimidazoles that contain reactive hydrogen atoms, and cross-linking 
agents that contain chlorine and/or iodine instead of bromine can also be used. 
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The embodiment(s) were chosen and described in order to best explain the 
principles of the invention and its practical application to thereby enable others 
skilled in the art to best utilize the invention in various embodiments and with 
various modifications as are suited to the particular use contemplated. It is 
5 intended that the scope of the invention be defined by the claims appended 
hereto. 



